We investigate the possibility of lowering the string scale in four dimensional heterotic models possessing a non-perturbative extension of the gauge group. We find that at the strong coupling it is possible to have an arbitrarily low string scale, together with a normal value of the "Standard Model" gauge coupling. The string scale is set by the coupling of the non-perturbative extension of the gauge group, that, for low string mass, plays the role of global symmetry.
Introduction
A problem of string theory is the apparent huge separation between the natural string mass scale and the scale of weak interactions. On the heterotic string, at the tree level the string scale is related to the Planck scale by the value of the gauge coupling, and a "normal" value of the latter implies that its value is close to the Planck mass. Unfortunately, this has the unappealing consequence that the string effects appear to be far from experimental detection. Scenarios with a low compactification scale [1] or a low (or intermediate) string scale have therefore been considered [2] - [8] . In the heterotic string, solutions to the problem of lowering the string scale such as taking into account loop corrections or the effect of the M-theory eleventh dimension [2] are characterized by the existence of bounds that prevent the string scale from being very (arbitrarily) small. In Ref. [8] it has been proposed that the problem of lowering the string scale, and having at the same time a value of the gauge coupling around ∼ 0, 01 or bigger, can be solved by assuming that the gauge group corresponding to the Standard Model belongs to a non-perturbative sector of the heterotic string. The existence of an enhancement of the heterotic gauge group, for a certain kind of compactifications, is a well known phenomenon: it emerged in the context of string-string duality, when considering the type I dual constructions [9, 10] , in which this part of the gauge group appears perturbatively. On the heterotic side, the enhancement of the gauge group is explained by the existence of instantons that shrink to zero size [11] .
The analysis of Ref. [8] was based on the first order value of the string and gauge effective coupling of the two parts of the gauge group. The conclusion was that indeed the string scale and the scale of the gauge interactions of the Standard Model can be separated at will, allowing for a very small string scale. However, as we will see, a simple first order analysis is not sufficient: in general higher loop corrections spoil this scenario. Using the results obtained in Ref. [12] , we will show that still there exist regions in the moduli space in which the two scales can be arbitrarily separated. These regions correspond to a non-perturbative regime of the heterotic string: their investigation requires the knowledge of the behavior of the effective couplings in the strong coupling limit of the heterotic string.
Discussion
It is an experimental evidence that the low energy world is not supersymmetric. The study of supersymmetric theories is nonetheless of great interest: it is in fact commonly believed that the breaking of supersymmetry is a low energy phenomenon. Many of the properties of non-supersymmetric theories can therefore be investigated in theories with supersymmetry: the results there obtained are only "softly" perturbed in the phase of broken supersymmetry. For several reasons, N = 1 supersymmetry has been singled out as the most promising description of the world at energies possibly not much above the actual experimental threshold. Moreover, by considerations based on heterotic/type IIA duality and mirror symmetry, it has recently been shown [13] that a partial breaking of supersymmetry, from N = 2 to N = 1, is always accompanied by a non-perturbative breaking to N = 0. The main part of our analysis will however be performed on a model with N = 2 supersymmetry: for our purposes, namely the study of the approximate behavior of the gauge couplings, even N = 2 supersymmetry constitutes a good approximation. In passing from N = 2 to N = 1, the changes introduced in the corrections to the effective couplings amount in fact to a complication of their dependence on the moduli, that however does not change the conclusions we will get. For the sake of simplicity, we will therefore consider the N = 2 theory obtained by compactifying the heterotic string on T 2 × T 4 /Z 2 , with, as gauge group, a subgroup of E 8 × E 8 , consisting of two isomorphic factors containing each one the embedding of 12 of the 24 instantons [14, 15] . As is known, this model possesses a type I dual construction, with gauge group (a subgroup of) U(16) × U(16) [9, 10] . The second U(16) is entirely non-perturbative from the heterotic point of view. In Ref. [12] we investigated the strong coupling behavior of these orbifolds through the comparison of dual models. Even though the analysis of duality was performed on a particular configuration, the conclusions allowed us to obtain an approximate expression for the effective couplings of the two factors of the gauge group, valid for a wider class of configurations. The key point was in fact the existence of orientifold dual constructions in which the strong heterotic coupling limit appears as a decompactification limit. This is what always happens in T 2 ×T 4 /Z 2 (∼ K3) orbifolds, when the heterotic gauge group has maximal rank and is broken into two isomorphic factors, as required by N = 2 heterotic/type I duality.
In the following, we will indicate the effective gauge couplings of the heterotic perturbative and non-perturbative part of the gauge group respectively by α (9) and α (5) . The subscripts indicate that, on the type I side, the first part originates from the D9-branes sector of the open string, the second from the D5-branes sector. At the tree level, they are given by the vacuum expectation values of two fields, Im S and Im S ′ [16, 17] :
S is dual to the heterotic axion-dilaton field, S = a + ie −2φ , while S ′ is dual to the volume modulus T of the heterotic torus T 2 . As a consequence, we have:
where V (2) is the volume of the two-torus, V (4) the volume of T 4 /Z 2 ∼ K3, l H is the heterotic string scale and λ H the heterotic coupling of ten dimensions. From (2.2) and (2.3) it seems therefore that the sizes of the two couplings are independent, and, owing to the relation
it seems also that it is possible to lower at will the string scale, 5) and have at the same time a scale, α (5)tree , of the order of α GU T . The D5-branes sector would then be the candidate to give origin to the Standard Model gauge group. However, both α (9) and α (5) receive quantum corrections. These corrections in general depend on the choice of Wilson lines, that break the gauge group into simple factors, each one having an independent renormalization. Since we are here interested in the generic behavior close to the unification of the couplings, we will only look at the correction of the "average" gauge couplings, considering all the Wilson lines fixed at discrete values, and such that all the nonzero beta functions have the same, positive sign: this is the most natural scenario appearing in this kind of compactifications 1 . The "average" one loop correction to α (9) , computed on the heterotic side, at large Im T reads therefore 2 :
Owing to the fact that, by construction, the D9-branes and D5-branes sectors of the type I side are mapped one into the other under S ↔ S ′ , and that the construction is perturbatively symmetric in these two sectors, we learn that also α (5) receives an analogous correction 3 :
These expressions are valid for Im S > Im T ∼ = Im S ′ ≫ 1. The fact that the "average" gauge coupling of the D5-branes sector acquires a dependence on the modulus S is general, independent on the details about the choice of Wilson lines. It is in fact based on the perturbative symmetry between D9-and D5-branes sectors, and on the fact that, on the heterotic side, the asymptotic behavior (2.6) is due to the fact that at one loop the gauge corrections are proportional to an index [18] . Owing to extended supersymmetry, the perturbative corrections stop at one loop, and from (2.6), (2.7) we would conclude that the apparent independence of the two couplings is destroyed. Formulae (2.6), (2.7) are however valid only in the perturbative limit. The symmetry between D9-and D5-branes sector also is valid only in this limit: as shown in Ref. [12] , the non-perturbative corrections distinguish among the two couplings. They depend on the moduli S, T (and U) and have in general a very complicated expression. For our purposes, however, we need only to know their asymptotic behavior, in the limits of large/small-Im S, large/small-Im T . This is easily written by using the results of Ref. [12] . We obtain:
For instance, this is the case for the points in the moduli space considered in Ref. [12] , at which the heterotic/type I duality was tested, or for the minimal choice of Wilson lines required in order to realize the "(12,12)" embedding on a T 2 × T 4 Z 2 orbifold of the heterotic string. 2 We neglect here the non-leading terms in T , non-perturbative from the type I point of view, as well as the dependence on the field U , the modulus associated to the complex structure of the two-torus, that we can keep fixed for simplicity: for compactifications in which the radii of the two-torus are of the same order of magnitude, its contribution is negligible. For simplicity, we also fix to one the normalization of the Im S and Im T contributions.
3 By consistency, we also assume that the gauge group of the D5-branes is broken in the same way as the group provided by the D9-branes.
Im
3. Im S ≪ 1, Im T ≫ 1:
In the above expressions, Im S and Im T are related to the tree level values of the inverse couplings, α 11) can be expressed in terms of the string parameters of ten dimensions, λ H , l H , and the parameters of the compactification, V (2) and V (4) . We see that there are regions of the moduli space in which indeed the two couplings are separated. In all the cases, they correspond to a nonperturbative regime of the theory: the perturbative region, given in point 1), is symmetric in the two couplings. In the region described in point 2), perturbative from the heterotic point of view as long as Im T −1 < Im S, α (5) is of the same order as α (9)tree . The two gauge couplings are separated, α (9) < α (5) , but it is not possible to lower at will the string scale, because this would lower also the gauge coupling α (5) (and α (9) , bound by α (5) ). The cases of interest for our problem are therefore those corresponding to the heterotic non-perturbative regime, Im S ≪ 1, given in points 3) and 4). In 3), α (9) > α (5) , while in 4) the two couplings are indeed independent. In these regions, the relation (2.5), together with (2.1), seems to imply that the string scale is much above the Planck scale: l H ≪ l P . Naively, it seems therefore that instead of improving, the situation has worsened. However, it should be kept in mind that the (heterotic) string scale by itself has no meaning: what really matters are the renormalized parameters of the effective action. For Im S ≪ 1, this cannot anymore be used as the expansion parameter, and Eq. (2.5), that relates physical scales to the effective coupling, needs to be modified. By looking at (2.10) and (2.11), it appears clearly that in these regions a more natural definition of a physical scalel H , at which string phenomena should appear, is given through the relation:
This can be justified as follows. It is known that the N = 4 heterotic theory possesses S-duality [19] . This means that the physics at the scale l H = ( Im S) l P is the same as at the scalel H = ( Im S) −1 l P , so that the most natural string mass scale is the lowest between l
H . In our case, S-duality is broken, as is clear from (2.8)-(2.11). However, this breaking amounts to a different behavior, for large and small Im S, of the couplings in the gauge sector. For what matters the states of the "string bulk", namely those arising from the compactification of the internal six-dimensional space, S-duality still works, and if l H sets the mass of the lightest Kaluza Klein states at Im S ≫ 1,l H sets the mass of the lightest Kaluza Klein states at Im S ≪ 1. Therefore, in points 3) and 4) the effective string mass scale can be chosen to be very small, without lowering the coupling of the "Standard Model" gauge fields, that we still consider to originate from the "D9-branes" sector. The vector fields originating from the other, very weakly coupled sector, can be considered to give rise to a global symmetry. Curiously, the situation of point 4) is "mirror" to the weak coupling tree level approximation of Ref. [8] , under α (9) 
consists of a T-duality along the two circles of the torus,
H ≡l H , i.e. an S-duality. The "Standard Model" gauge coupling depends therefore on the size of the two torus, measured in "tilde" variables, in the same way as the tree level small instantons coupling depends on "non-tilde" variables. Point 4) corresponds then to a large volume of the two-torus, while point 3) describes the situation when this volume is small.
To end this Section, we discuss the degree of accuracy of this description. The fact that we are considering only N = 2 orbifolds forces our discussion to be extremely qualitative. In expressions (2.10), (2.11), we are discarding non-leading terms, of order O(log Im T ),
, as well as analogous terms depending on U and exponentials of combinations of these fields (see Ref. [12] ). For a uniform compactification, R 1 ∼ =R 2 , the terms dependent on U give a contribution of order 1. For "normal" values of α (9) ≡ α GU T , namely between 10 −2 and 10 −1 , 10 < Im T ( Im T −1 ) < 100 and they can be neglected in the expression for α (9) , as can the terms of order O(log Im T ) ∈ {2, 5} and O(e − Im T (−1) ) < 10 −5 or the exponentials mixing the moduli. For a string scalel H ≫ l P , the relation (2.12) tells us that Im S −1 ≫ 1, and that in the expression for α (5) the approximation we make in neglecting the above terms is even better. The same holds for the terms of order O(e − Im S −1 ). For very low string scales, however, we cannot neglect the terms of order O(log Im S) in the expression for α (9) : log Im S −1 can be of the same order of Im T ( Im T −1 ). Finally, we remark that, for uniform compactification, the radii of the two-torus are at most one order of magnitude above (or below) the string lengthl H .
Conclusions
Inspired by the proposal of Ref. [8] , in this work we investigated the possibility of lowering the string scale, and having at the same time a gauge coupling of order ∼ 0, 01 or bigger, in heterotic orbifold models in which the gauge group possesses a non-perturbative enhancement, due to small instantons that shrink to zero size. We found that, even though the couplings receive quantum corrections that modify the solution proposed in Ref. [8] , there are nevertheless regions in the moduli space in which indeed the effective "Standard Model" and string scale are independent: the latter can be chosen to be very small. In these cases, the string scale is set by the coupling of the small instantons gauge sector. For low effective string scale, this sector gives rise to a global symmetry. This scenario appears at the strong heterotic coupling, out therefore of the perturbative regime. In order to investigate these situations, we have used the asymptotic expressions of the effective couplings, in both the weak and strong coupling limits, obtained in Ref. [12] for heterotic compactifications with N = 2, non-spontaneously broken supersymmetry. When supersymmetry is further broken to N = 1, the gauge couplings depend also on moduli that were "twisted" in the N = 2 case, and there are in general several D5-branes sectors of the type I duals that may correspond to non-perturbative enhancements of the heterotic gauge group. The expressions we obtained must in that case be slightly modified, but from a qualitative point of view the conclusions are the same. They are in fact based on the observation that in any heterotic model possessing a type I dual construction, S-duality is broken [12, 20] . It may seem strange that such an attractive situation, namely a low effective string scale, together with a reasonable scale of gauge interactions and a natural explanation of the origin of global symmetries, appears outside of the heterotic perturbative regime. However, the "bare" value of parameters such as the string coupling of ten dimensions have indeed no physical meaning: what matters is the renormalized value of the effective couplings. The fact that the above described region appears at the strong heterotic coupling is due to the particular way we have of approaching the string constructions.
